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We previously demonstrated the antitumor effectiveness
of transiently T cell receptor (TCR)-redirected T cells recog-
nizing a frameshift mutation in transforming growth factor
beta receptor 2. We here describe a clinical protocol using
mRNA TCR-modified T cells to treat a patient with progres-
sive, treatment-resistant metastatic microsatellite instability-
high (MSI-H) colorectal cancer. Following 12 escalating doses
of autologous T cells electroporated with in-vitro-transcribed
Radium-1 TCR mRNA, we assessed T cell cytotoxicity, pheno-
type, and cytokine production. Tumor markers and growth on
computed tomography scans were evaluated and immune cell
tumor infiltrate at diagnosis assessed. At diagnosis, tumor-
infiltrating CD8+ T cells hadminimal expression of exhaustion
markers, except for PD-1. Injected Radium-1 T cells were
mainly naive and effector memory T cells with low expression
of exhaustion markers, except for TIGIT. We confirmed cyto-
toxicity of transfected Radium-1 T cells against target cells
and found key cytokines involved in tumor metastasis, growth,
and angiogenesis to fluctuate during treatment. The treatment
was well tolerated, and despite his advanced cancer, the patient
obtained a stable disease with 6 months survival post-treat-
ment. We conclude that treatment of metastatic MSI-H colo-
rectal cancer with autologous T cells electroporated with
Radium-1 TCR mRNA is feasible, safe, and well tolerated and
that it warrants further investigation in a phase 1/2 study.

INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer worldwide
and the second most common cause of cancer-related deaths in 2020
according to the WHO and The Global Cancer Observatory.1 Despite
fair survival for localized CRC, metastatic CRC has a 5-year survival
rate of only �11%.2 Mutations in mismatch repair genes lead to mi-
crosatellite instability (MSI) and the accumulation of somatic muta-
tions, which can result in the formation of neoantigens. Neoantigens
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are intriguing targets for adoptive cellular therapy (ACT) since they
are exclusively expressed on tumor cells and are not subject to central
tolerance in the host immune cells. Thus, neoantigens are considered
to make colon cancer with high MSI (MSI-H) more immunogenic
than CRC with low MSI (MSI-L). MSI-H is a hallmark of CRC in
the autosomal dominant Lynch syndrome (LS), which increases a
person’s risk of CRC by 40%–80%.3 In patients without LS, MSI-H
is most commonly a sporadic event and is seen in 15% of all CRC
cases.4 MSI-H tumors are enriched in CD8+ and CD4+ T cells, as
well as other immune cells, compared to other CRCs,5–7 and thus
the relapse rate is lower for localized MSI-H tumors. Metastatic
MSI-H tumors have a poor prognosis,8,9 and although immuno-
therapy with immune checkpoint inhibitors (ICIs) can provide
good antitumor effects, with fewer side effects than chemotherapy,
30%–50% of patients with MSI-H CRC are unresponsive to
ICIs.10,11 A particular inactivating frameshift mutation in transform-
ing growth factor receptor beta receptor 2 (TGFbRII) is seen in 90% of
MSI-H and 15% of MSI-L CRC cases.12–14 We have previously
described a cytotoxic T lymphocyte clone specific for this�1A muta-
tion (nucleotides 709–718 of TGFbRII). This T cell clone has an
HLA-A2-restricted T cell receptor (TCR), called Radium-1, that we
isolated from a patient with long-term clinical response to peptide
vaccination in a phase 1 clinical trial.13 In our pre-clinical studies,
we demonstrated that the Radium-1 TCR can redirect T cells against
CRC cell lines expressing the TGFbRII frameshift mutation. Further-
more, T cells transduced with the Radium-1 TCR significantly
reduced the growth of CRC and enhanced survival in a xenograft
NOD/SCID mouse model.14
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Here, we report on the first-in-human use of the Radium-1 TCR in
a patient with LS and advanced metastatic MSI-H CRC, using
mRNA electroporation for transient TCR expression to reduce
the risk of off-tumor toxicity.14,15 The treatment was well tolerated
with stabilization of tumor size, and the patient surpassed our
conceived life expectancy. To the authors’ knowledge, this is the
first clinical report of mRNA-based TCR therapy targeting a neo-
antigen in solid cancer.

In summary, this brief report supports the safety and feasibility of
mRNA TCR T cell therapy targeting neoantigens in patients with
solid malignancies, as well as confirms the applicability of TCRs iden-
tified in patients responding to therapeutic cancer vaccines.

RESULTS
Case presentation

A 42-year-old patient with LS was diagnosed with colorectal MSI-H
adenocarcinoma with metastases in the liver. The disease pro-
gressed following subtotal colectomy despite chemotherapy but
stabilized and then continued with a slow progression on pembro-
lizumab for 35 cycles over 2 years. He was kept on ICIs given his
historical progression on chemotherapy and scarce treatment op-
tions. Thereafter, his disease progressed rapidly in concordance
with data demonstrating limited ICI response in CRC with liver
metastasis.16 At enrollment, 2 months after ICIs were discontinued,
the patient had developed a new lesion in the lung, widespread
metastasis in the liver causing intrahepatic cholestasis, and portal
vein compression leading to splenic enlargement and compression
of the inferior vena cava. In addition, metastases were found
endoluminally in the gastrointestinal tract as well as in lymph
nodes and peritoneum/retroperitoneum. The patient received 12
systemic infusions of Radium-1-electroporated T cells over 6 weeks
(Figures 1A and S1), with prior confirmation of target antigen spe-
cific cytotoxicity and tumor necrosis factor a (TNF-a)/interferon g

(IFN-g) cytokine production (Figures 1B, 1C, and S2). In general,
the target cells were loaded with peptide to make sure the response
in the TCR-electroporated T cells was detected in a strong and
consistent matter, but the T cells also recognized the non-pep-
tide-loaded HLA-A2+ HCT 116 cell line, which endogenously
expresses the mutated TGFbRII antigen, both with and without
prior exposure to IFN-g (Figure S2). The treatment was well
tolerated, with only minimal side effects of low-grade fever imme-
diately following the infusions, and no significant toxicities were
encountered.

Phenotypic description of the Radium-1 TCR T cells

According to flow cytometric analysis, the phenotype of the
expanded and electroporated Radium-1 T cells were composed of
around twice as many CD8 T cells as CD4 T cells (Figure 1D)
and mainly corresponded to naive T (TN) cells and effector memory
T (TEM) cells with fewer central memory T (TCM) cells (Figure 1E).
Comparable results were found for control T cells electroporated
with water (data not shown). Cellular viability was 82%–95% for
all infusion doses. Less than 10% of the infused Radium-1-electro-
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porated T cells expressed PD1, TIM3, or LAG3, whereas a higher
proportion, or 28.3% of CD4+ T cells and 37.1% of CD8+ T cells,
expressed TIGIT (Figure 1F). Additionally, a high proportion of
CD8+ T cells expressed CD39 and CD73 T regulatory/exhaustion
markers, as opposed to only a small fraction of CD4+ T cells
(Figure 1F).

Cellular analysis of the tumor tissue prior to treatment

T cell profiling of a tumor biopsy from the time of diagnosis, 3 years
prior to TGFbRII adoptive cellular therapy (ACT), demonstrated that
a third to half of the T cells found in the tumor tissue were CD8+ and
were more concentrated in the parenchyma than the stroma.
Although the majority of the CD8+ tumor-infiltrating T cells did
not express LAG3 or TIM3 exhaustion markers, a small proportion
expressed PD1, and this was also more pronounced in the paren-
chyma (Figures S3 and S4).

Radium-1 T cell infusions were well tolerated with no severe side ef-
fects, only low-grade fever and chills on days 1–2 after infusions. No
severe side effects were observed, nor were there any reactions neces-
sitating pausing, pre-medication, dose adjustment, or other changes
in the planned infusion schedule.

General blood status and metabolic panels were stable throughout
the treatment course. Due to large liver metastases with dilation
of bile ducts from compression and increasing pruritus, rising bili-
rubin, and cholestasis, the patient received intrahepatic and external
stents halfway through his ACT. He responded promptly with
decreased bilirubin and pruritus. The bilirubin slowly continued
to decrease during Radium-1 infusions and after completion of
treatment.

Plasma cytokine responses to Radium-1 T cell infusions

During the Radium-1 T cell infusions, an interesting peripheral blood
profile of pro- and antitumor cytokines was demonstrated. Most
notably, CXCL10, or human IFN-inducible protein-10, was signifi-
cantly upregulated, although it decreased to baseline by the time of
the last infusion (see Figure 2A). Additionally, two antitumor cyto-
kines, interleukin (IL)-2 and IL-12, as well as the pleiotropic cytokine
IL-10, increased slightly initially and then decreased to prior levels,
only to increase again during the last week of treatment and post-
treatment completion (see Figure 2B). Pro-tumor growth factors
PDGF-BB, CCL5 (RANTES), and VEGF were downregulated during
the treatment period and then significantly upregulated after treat-
ment completion (Figures 2C and 2D). IL-8 (CXCL8) levels increased
initially, then declined to baseline, but rose again around treatment
completion (see Figure 2D).

Antitumor activity of Radium-1 T cell treatment

The size of four different tumor lesions was monitored by computed
tomography (CT). A mixed tumor response was observed in the indi-
vidual lesions, but the patient had stable disease according to RECIST
1.1 criteria when pre-treatment CT was compared to the CT 10 weeks
post-treatment completion (see Figure 2E and Table S1). This was
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Figure 1. Clinical course of the patient and T cell characterization

(A) The patient had a subtotal colectomy for CRC in late 2015. He first underwent 4 courses of FLIRI-Vectibix (5-fluorouracil, irinotekan, calciumfolinat, panitumumab) and

then 4 courses of FLOX-Avastin (5-fluorouracil, leucovorin, oxaliplatin, bevacizumab). The tumor progressed on both treatment regimens. The patient then received 35 doses

of pembrolizumab (200 mg every 3 weeks), during which the tumor continued to progress but more slowly. 2 months after stopping pembrolizumab, the patient started

infusions of Radium-1 (Rad-1)-transfected autologous T cells. The patient received 12 doses over the course of 6 weeks of increasing cellular doses. The patient succumbed

to his disease 6 months after completion of T cell infusions. Created in BioRender.com. (B) Rad-1 TCR-transfected T cells and mock-electroporated T cells were co-

incubated with the luciferase expressing colon cancer cell line HCT 116. Target cells were loaded with 5 mM of the 573 peptide (p573) and cytotoxicity measured by

bioluminescence. Results are from dose 2, treatment week 5. Effector:target (E:T) ratios were 30:1 and 50:1. Plotted values represent mean ± standard deviations. (C) Rad-1

TCR-transfected T cells were incubated for 5 h with target cell lines HCT 116 or EBV-LCL loaded or not with 5 mM peptide (p573) at an E:T ratio of 1:2. Mock-electroporated

T cells were used as controls. Intracellular staining for TNF-a and IFN-g are shown for CD8+ T cells. Plotted values represent mean ± standard deviations. (D–F) Expanded

T cells electroporated with Rad-1 were phenotyped by flow cytometry. (E) Proportions of CD4+ andCD8 T cells, (E) proportions of T cell subsets: naive T (TN) cells are CCR7+,

CD45RA+, and CD62L+; central memory T (TCM) cells are CCR7+, CD45RO+, and CD62L+; and effector memory T (TEM) cells are CCR7�, CD45RO+ and CD62L�. (F)

Expression of exhaustion and regulatory markers.
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supported by stable CEA (carcinoembryonic antigen) tumor marker
values (see Figure 2F). CT at 5 weeks post-treatment completion
demonstrated air bubbles in one liver and one peritoneal metastasis.
This increased at 10 weeks but decreased again at 19 weeks. Evalua-
tion of Hounsfield units (HUs) in the metastasis suggested necrosis
at all time points and a moderate increase over time as shown by
Molecular Therapy Vol. 32 No 6 June 2024 3
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Figure 2. Peripheral blood cytokine levels and tumor response

(A–D) Using Human Cytokine 27-plex Assay, we evaluated the cytokine profile in peripheral blood at baseline, during the Rad-1 TCR infusions, and at 6 weeks after treatment

completion. The graphs show the indicated cytokines, and pale gray boxes indicate the T cell treatment period. (E) CT scans were obtained 9 days prior to initiation of Rad-1

infusions as well as at 5, 10, and 19 weeks post-treatment completion. RECIST 1.1 response criteria were used to determine objective tumor response. 4 target lesions were

measured at all time points (L2–L5). Details on target lesion size and origin are shown in Table S1. (F) The colon cancer marker CEA (carcinoembryonic antigen) wasmeasured

in serum at regular intervals from just prior to treatment until 6 weeks after completion. Pale gray boxes indicate the T cell treatment period. Plotted values represent mean ±

standard deviations.
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decreasing HUs (Table S2). Bile cultures grew pseudomonas prior to
and around the time of imaging at 10 weeks after treatment
completion.

The patient survived past our estimated survival based on his exten-
sive, chemo-refractory, and progressive disease. He succumbed to his
4 Molecular Therapy Vol. 32 No 6 June 2024
disease 6 months (190 days) after completion of his Radium-1 TCR
infusion treatment.

DISCUSSION
Despite the effectiveness of chimeric antigen receptors (CARs) in he-
matological malignancies, cellular immunotherapies for solid cancers
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are sorely lacking and none are FDA approved as of yet. TCR therapy
has advantages over CARs, namely a broader range of targets, higher
antigen sensitivity, reduced risk of off-tumor toxicity and cross-
reactivity with normal cells, and the prospect of epitope spreading.
Cross-reactivity and affinity-enhanced receptors have proven deadly
in previous trials.17 We propose the use of mRNA electroporation to
address this risk by transient TCR expression where serious side ef-
fects could be mitigated by stopping T cell infusions, and new data
support the feasibility and safety of this approach for a first-in-human
T cell therapy.18

Here, we confirm viability and in vitro efficacy and demonstrate an
excellent safety profile of treatment with Radium-1 TCR-transfected
T cells in advanced MSI-H CRC. No cross-reactive toxicities were
observed, and side effects were minimal. At the time of diagnosis of
the patient, a tumor biopsy demonstrated minimal expression of
exhaustionmarkers except for some PD-1 expression. The transfected
T cells demonstrated a higher proportion of TN and TEM versus TCM

cells than expected that is likely explained by the patient’s advanced
disease and therapies. Although a higher proportion of TCM cells is
preferred for ACT with transduction, this phenotype is acceptable
for mRNA-based therapy. Overall, the expanded T cells expressed
low levels of exhaustion markers, although TIGIT expression suggests
pre-exhausted TEM cells, likely induced by previous treatments and
illness. Furthermore, expression of CD39 and CD73 on transduced
CD8 T cells suggests suppressed tumor immune responses.19 Potent
in vitro cytotoxicity of the transfected T cells was measured against
peptide-loaded target cells. In general, saturating amounts of peptide
were loaded to ensure efficient peptide loading, as limited infusion
product was available; however, comparable efficacy was demon-
strated with 50-fold lower peptide concentrations and against endog-
enously expressed antigen. Comparing the profile of infused T cells to
tumor-infiltrating T cells from the diagnostic biopsy indicates that the
infused T cells were affected by prolonged anti-PD-1 treatment, sup-
porting earlier initiation of targeted therapy. Unfortunately, we were
unable analyze a follow-up tumor biopsy as planned post-T cell infu-
sion therapy. A biopsy was obtained, but due to a paucity of tumor
cells in the biopsy, further analysis was precluded and a second biopsy
forfeited due to the patient’s wishes. This brief report describes the
treatment of a single patient with LS diagnosed with an anti-PD-1-
resistant metastatic MSI-H CRC. Such patients are rare, and since
the EuropeanMedicines Agency recommended extending indications
for pembrolizumab to include first-line treatment of metastatic
MSI-H CRC in adults, it became difficult to recruit new patients,
and the clinical study was therefore closed.

Despite no definite reduction in tumor size, imaging indicated atten-
uation of progression and stabilization of the disease burden accord-
ing to RECIST 1.1 for at least 9 weeks post-treatment completion. The
patient’s survival was impressive, although not unique, given his prior
slow progression on second-line chemotherapy. The cytotoxic anti-
tumor effect of Radium-1 treatment could explain the air pockets
in metastases and increasing necrosis measured by HUs. Necrosis
could also result from tumor bulk, lack of nutrients and/or blood
flow, or an infection. A positron emission tomography scan of meta-
bolic activity could have shed light on treatment response. CEA levels
remained stable during treatment but increased abruptly following
treatment completion. We believe that the temporary rise in bilirubin
and pruritus seen was due to tumor compression on intra- and extra-
hepatic bile ducts. It is unlikely that this represents a direct effect of
the Radium-1 infusions.

CXCL10 fluctuations with treatment are consistent with prior data
demonstrating its importance for antitumor responses and induction
by IFN-g. CXCL10 has been associated with recurrence, MSI status,
and survival in CRC and clinical benefit tomRNA-based TCR therapy
in hepatitis B virus (HBV)-related hepatocellular carcinoma.20 PDGF-
BB and VEGF promote angiogenesis and mitosis in CRC.21 Although
VEGF was suppressed during Radium-1 infusions, it was upregulated
immediately following treatment completion. The STAT1-CCL5 axis
appears to be important for cellular proliferation in CRC,22 and the
decrease of PDGF-BB andCCL5 during Radium-1 infusions coincides
with the stabilization of tumor size and CEA levels. IL-8 impacts
migration, proliferation, and angiogenesis; its levels in CRC correlate
with poor survival,23 possibly due to resistance to anoikis in cancer
cells; and it is involved in a complex feedback loop with VEGF. The
reduction in IL-2, IL-10, and IL-12 during Radium-1 treatment that
then increased toward the last doses and further post-treatment could
be related to epitope spreading with a broadening of the antitumor
response causing the increased tumor necrosis seen on CT scans.

In summary, this brief report supports the safety and feasibility of
Radium-1 mRNA-electroporated TCR immunotherapy targeting a
neoantigen in a solid malignancy. Considering that 15% of CRC is
MSI-H and the presumed incidence of the TGFbRII mutation in
CRC of differing MSI status, one may assume that about 25% of all
patients with CRC could have the mutation. The HLA allele that
Radium-1 TCR is restricted to is present in about 50% of White peo-
ple in Europe and the USA,24 albeit at a lower rate in those of African
and Asian ancestry. Thus, in total, around 10%–13% of patients with
CRC could potentially be eligible for the Radium-1 treatment; how-
ever, this number could be further reduced based on other patient
specifics. Additionally, patients with other MSI-H cancers such as
endometrioid carcinoma, ovarian clear cell carcinoma, and gastric
cancer could theoretically benefit from this treatment.25

Although significant tumor regression was not demonstrated, tumor
size stabilization was seen despite advanced disease and with mini-
mal side effects and demonstrates the feasibility of this approach in
advanced solid tumor. Due to its excellent safety profile, further
study of TCR T cell therapy in patients with less tumor burden is
warranted.

MATERIALS AND METHODS
Patient

We enrolled a 42-year-old patient with LS and metastatic CRC
into a hospital exemption treatment protocol (ClinicalTrials.gov:
NCT03431311) at the Department of Oncology, Cellular Therapy,
Molecular Therapy Vol. 32 No 6 June 2024 5
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Oslo University Hospital (Oslo, Norway). Inclusion criteria required
an age >18 years, an Eastern Cooperative Oncology Group (ECOG)
performance score of 0–1, adequate end-organ function, and a diag-
nosis of metastatic colon cancer of MSI-H-positive metastatic
colon cancer with a confirmed �1A frameshift mutation within
the poly(A) (A10) sequence of the TGFbRII gene (nucleotides
709–718). Additionally, the patients had to be of the HLA-A*02:01
genotype with a life expectancy of >3 months. Exclusion criteria
included the exclusion of other metastatic malignancies, other anti-
tumor treatment in the last 4 weeks, steroid treatment, pregnancy/
lactation, HIV, HBV, HCV, or syphilis infection, or any other signif-
icant comorbid disease. The patient signed an informed consent, and
the protocol was approved by an ethics committee (REC approval
2017/1273) and the Norwegian Medicines Agency.

HLA tissue typing

Patient lymphocytes were genotyped for HLA class I and II by the Na-
tional Tissue Typing Laboratory at Oslo University Hospital using
next-generation sequencing.

Clinical protocol

The goal of this hospital exemption treatment protocol (ClinicalTrials.
gov: NCT03431311) was to demonstrate the safety and feasibility of
treating patients with MSI-H-positive CRC by infusion of autologous
T cells electroporated with the Radium-1 TCR mRNA specific for the
�1A frameshift mutation in the TGFbRII gene.

The patient received 12 intravenous infusions evenly distributed over
6 weeks with escalating doses from 1 � 108 to 2 � 109 cells (see Fig-
ure S1). Each batch of T cells was thawed and electroporated with
mRNA, and fresh, transfected T cells were transported to the ward
and infused through a central venous line. Treatment was adminis-
tered at the Department of Oncology, Radium Hospital, Oslo,
Norway.

Cell lines

For the bioluminescence-based cytotoxicity assay to evaluate the
quality of the infusion product, we used the colon cancer cell line
HCT 116 (CCL-247, ATCC). The HCT 116 cell line was modified
to express ffLuc-EGFP as previously described.13 The cell line was
passaged for less than 6 months after purchase. Cell line identity
was verified using short tandem repeat profiling by LabCorp. The
cell line was free frommycoplasma contamination. For the functional
cytokine production assay, we used HCT 116 as well as an HLA-typed
Epstein Barr virus-transformed B cell line (EBV-LCL).

Peripheral blood sample collection and processing

Patient blood samples were collected for plasma (cytokine measure-
ments) and isolation of peripheral blood mononuclear cells (PBMCs)
according to the clinical protocol.

Samples for plasma were drawn in EDTA tubes and processed within
30 min before storage at �80�C. Blood samples for PBMC isolation
were drawn in ACD tubes, and cells were isolated over Ficoll as
6 Molecular Therapy Vol. 32 No 6 June 2024
described previously and stored in liquid nitrogen.26 Standard CEA
measurements were completed at the Radium Hospital clinical
laboratory.

Radium-1 TCR T cell production

PBMCs were collected by leukapheresis and processed at the GMP fa-
cility of the Department of Oncology, Cellular Therapy at The Nor-
wegian Radium Hospital in Oslo. Lymphocytes were enriched using
elutriation (ELUTRA, TerumoBCT). Briefly, lymphocytes were stim-
ulated with CTS Dynabeads CD3/CD28 at the recommended cell:
bead ratio and expanded in CellGro GMP DC medium (CellGenix,
Freiburg im Breisgau, Germany) supplemented with 5% human AB
serum (PAN-Biotech, Aidenbach, Germany), 10 mM mucomyst
(Mylan Healthcare, Borgen, Norway), gentamycin 0.05 mg/mL (Sa-
nofi Aventis, Gentilly, France), and 100 U/mL IL-2 (Proleukin, Clini-
gen Healthcare, Burton-on-Trent, UK) for 10 days using the Xuri Cell
expansion systemW5 (Cytiva, Marlborough, MA, USA) as previously
described.27 The lymphocytes were frozen in DMSO-containing cryo-
preservation media in bags in appropriate doses for electroporation
and stored in liquid nitrogen. Each batch was thawed, thoroughly
washed, and incubated for 2–24 h in culture medium. The cells
were then washed again in serum-free medium prior to mRNA elec-
troporation. The expanded T cells were electroporated and trans-
fected in vitro with in-vitro-transcribed codon-optimized mRNA
(clinical grade, produced at Oslo University Hospital, Norway) en-
coding the Radium-1 TCR. For electroporation, the mRNA or water
(mock) was mixed with the T cell suspension at 200 mg/mL and elec-
troporated in a 6 mm gap cuvette using the AgilePulse MAX electro-
porator system (BTX Technologies, Hawthorne, NY, USA). The
electroporation parameters were 770 V for 0.4 ms with 9 pulses in
1,000 ms intervals. Following electroporation, the T cells were left
to recover in culture medium containing human serum for 2 h,
then washed again to remove the medium and resuspended in the
final formulation ready for infusion. Each infused batch was evaluated
for standard release criteria including appropriate T cell count and
viability and phenotyping by flow cytometry. Each batch was tested
for microbiological contamination, and results for electroporated
cells were available post-infusion. In addition, TCR expression was
confirmed by flow cytometry and cell count performed on each batch
prior to release. The cells were only thawed immediately prior to elec-
troporation and infusion.

T cell phenotyping and functional assay

For extracellular staining, T cells were washed in staining buffer (SB)
consisting of PBS containing 2% fetal bovine serum (Gibco, Thermo
Fisher Scientific, Bristol, RI, USA) before staining for 20 min at room
temperature. The cells were then washed in SB and fixed in SB con-
taining 1% paraformaldehyde.

The following antibodies were used: CD4 (BD Biosciences), CD8
(eBiosciences or Life Technology), CCR7 (eBiosciences), CD39
(Invitrogen, Life Technology), CD45RA (eBiosciences), CD45RO
(BioLegend), CD62L (BioLegend), CD73 (Invitrogen, Life Tech-
nology), PD1 (Invitrogen, Life Technology), TIM3 (BioLegend),
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LAG3 (BioLegend), and TIGIT (Invitrogen, Life Technology) for
phenotyping assay and CD4, CD8, IFN-g (Invitrogen, Life Tech-
nology), and TNF-a (BD Pharmingen) for cytokine functional
assay.

For intracellular staining, Radium-1 TCR-electroporated patient
T cells were thawed and rested in medium for 2 h prior to the assay.
The T cells were then incubated for 6 h with HCT 116 or EBV-LCL
tumor cells loaded with peptide 573 at indicated doses at a 1:2 effec-
tor:target (E:T) ratio in the presence of BD GolgiPlug (BD Biosci-
ences, San Jose, CA, USA) and BD Golgistop (BD Biosciences) at a
1/1,000 dilution. Peptide 573 RLSSCVPVA (amino acid sequence
131–139) was synthesized by ProImmune from a TGFbRII frameshift
protein resulting from a 1 bp deletion (�1A) in an adenosine stretch
(A10) from base number 709–718 of TGFbRII (sequence for wild-
type human TGFbRII is GenBank: NM_003242). Mock-electropo-
rated T cells and PMA/ionomycin stimulation were used as controls.
All conditions were run in duplicate. The T cells were stained with
anti-CD4, -CD8, -TNF-a, and -IFN-g antibodies using the PerFix-
nc kit according to the manufacturer’s instructions (Beckman
Coulter, Brea, CA, USA). Plotted values show mean ± standard
deviations.

Cells were acquired on a BD FACSCanto flow cytometer (BD Biosci-
ences) and the data analyzed using FlowJo software (Treestar, Ash-
land, OR, USA).

Bioluminescence-based cytotoxicity assay

Luciferase-expressing HCT 116 tumor cells were loaded overnight
with 5 mM of the peptide 573, counted, and resuspended at a concen-
tration of 3 � 105 cells/mL. In experiments with only non-peptide-
loaded target cells, HCT 116 were co-cultured with 500 IU/mL of
human recombinant IFN-g (PeproTech, Rocky Hill, NJ, USA) over-
night to increase the endogenous peptide presentation.

D-Luciferin (75 mg/mL; PerkinElmer, Waltham, MA, USA) was
added to the cells, which were then seeded in 96-well white round-
bottomed plates at 100 mL/well in triplicate.

Effector T cells (mock or Radium-1 transfected) were added at E:T ra-
tios of 30:1 or 50:1 unless otherwise stated. To determine spontaneous
and maximal killing, wells were seeded with target cells only or with
target cells in 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA).
The cells were left at 37�C, and the bioluminescence was measured
with a luminometer (VICTOR Multilabel Plate Reader, PerkinElmer)
as relative light units (RLUs) at indicated time points. Triplicate wells
were averaged, and lysis percentage was calculated using the following
equation: % specific lysis = 100� (spontaneous cell death RLU� sam-
ple RLU)/(spontaneous death RLU – maximal killing RLU). Plotted
values show mean ± standard deviations.

Analysis of plasma cytokines

Plasmawas sampled fromperipheral blood at indicated timepoints pre-
and post-treatment, and the cytokine levels were measured using the
BioplexPro Human Cytokine 27-plex Assay (BioRad Laboratories) ac-
cording to themanufacturer’s instructions. The analysis was performed
on the Bio-Plex 200 system instrument from BioRad Laboratories.
Plotted values show mean ± standard deviations of duplicates.

CT data analysis

Tumor response was evaluated by CT imaging. The first CT scan was
9 days prior to the first Radium-1 T cell infusion. The second was
5 weeks post-completion of the T cell infusions, and the last two
were at 10 and 19 weeks post-treatment completion, respectively.
Prior to treatment, CT demonstrated a lesion in the right upper
lung and prominent nodules in the fatty tissue surrounding the heart.
The patient had widespread liver metastases, with intrahepatic chole-
stasis caused by tumor mass resulting in significant compression of
the portal vein. Spleen was enlarged, likely secondary to portal vein
compression. Additionally, there was widespread endoluminal metas-
tasis within the gastrointestinal tract and widespread peritoneal and
lymph node metastasis. Since the patient presented with multiple
metastatic lesions in different organs prior to therapy, measurements
of four target lesions were used to evaluate treatment response. The
images were analyzed according to the RECIST 1.1 criteria,28 with sta-
ble disease being a %20% increase in the RECIST 1.1. sum when
comparing the CT scan prior to treatment initiation and the CT
scan at 10 weeks post-treatment completion.

HUmeasurement is a universally used unit in CT scanning to display
attenuation coefficients based on assigned densities of air and water.
Thus, HUs can be used to estimate the density of the tissue. Lower HU
values represent increased necrosis or less density of the lesion.

Veracyte data analysis

To assess the immune cell infiltrate in the tumor at time of diagnosis,
we sent a tissue specimen to Veracyte in France (Luminy Biotech
Enterprises). Veracyte provides immuno-oncologic diagnostics
based on immunohistochemistry and spatial tissue molecular infor-
mation in cancers such as colon cancer.29 The tumor biopsy spec-
imen was obtained at the time of initial cancer diagnosis, 3 years
prior to the start of Radium-1 TCR immunotherapy. Unfortunately,
we were unable to analyze follow-up tumor biopsies post-T cell infu-
sion therapy. Pre- and post-treatment biopsies were obtained but
dismissed due to a paucity of tumor cells, and the patient declined
further biopsies.
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